In addition, surgical stimulation itself may increase levels of neuroinflammatory mediators that can result in cognitive impairment in aged mice. 3, 4 Nevertheless, findings regarding the potential association between exposure to anesthesia and long-term cognitive impairment have not been consistent in observational clinical studies. [5] [6] [7] [8] [9] [10] Much of this research utilizes dementia as the primary outcome. 5, 6 It is possible that less severe forms of cognitive impairment such as the clinical diagnosis of mild cognitive impairment (MCI) [11] [12] [13] would represent a more sensitive outcome to detect an association between anesthesia and long-term cognitive dysfunction, because diagnosis of MCI often precedes the diagnosis of dementia. [11] [12] [13] MCI is a chronic condition with likelihood of onset increasing with age. When studying MCI, it is important to distinguish between incidence and prevalence. Incidence corresponds to the rate at which new cases of MCI develop in the population, whereas prevalence corresponds to the percentage of the population who have MCI at a given point in time. The Mayo Clinic Study of Aging (MCSA), a population-based longitudinal cohort study, examines the incidence and prevalence of MCI and dementia in Olmsted County, Minnesota, including risk factors for these outcomes. Using the MCSA, we recently analyzed the association between exposure to surgery and anesthesia at age ≥40 years and the incidence of MCI in those who were cognitively normal at the time of entry into the MCSA, finding no overall association. 14 However, because individuals were elderly at the time of MCSA enrollment (mean age of 81 years in this analysis), excluding those who are not cognitively normal at the time of enrollment risks missing BACKGROUND: To examine whether exposure to general anesthesia for procedures at age ≥40 years is associated with prevalent mild cognitive impairment (MCI) in the elderly. METHODS: A case-control study nested within a population-based cohort. Olmsted County, Minnesota, residents, aged 70-91 years, underwent baseline evaluations that included the Clinical Dementia Rating scale, a neurologic evaluation, and neuropsychologic testing. Individuals identified with MCI (cases) at enrollment were matched 1:2 on age, sex, education, and apolipoprotein genotype with participants who were cognitively normal at the time of the index visit. Medical records from age 40 years until the index visit were reviewed to determine exposures to general anesthesia. Conditional logistic regression, taking into account the matched set study design and adjusting for MCI risk factors, was used to assess whether exposure to anesthesia after the age of 40 years was associated with prevalent MCI. RESULTS: A total of 387 Mayo Clinic Study of Aging participants (219 males, 168 females) were diagnosed with MCI at enrollment with mean age of 81 ± 5 years. Exposure to general anesthesia after the age of 40 years was not significantly associated with prevalent MCI when analyzed as a dichotomous variable (any versus none, adjusted odds ratio, 0.97 [95% confidence interval, 0.68- Mild Cognitive Impairment and Exposure to General Anesthesia for Surgeries and Procedures: A Population-Based Case-Control Study potentially relevant associations between anesthesia exposure and cognitive impairment with earlier onset. This may be particularly relevant if anesthesia exposure accelerates cognitive decline. Thus, an analysis of prevalent cases at the time of MCSA enrollment provides an additional opportunity to explore the potential association between lifetime exposure to surgical anesthesia and cognitive impairment. In the present study, we use a case-control design to test the hypothesis that exposure to general anesthesia for surgery and procedures at age ≥40 years are associated with prevalent MCI. In a supplementary analysis, we also tested the hypothesis that exposure to general anesthesia for surgery and procedures at age ≥40 years are associated with cognitive impairment, defined as prevalent MCI and dementia.
METHODS
This study conformed to the requirements of the Strengthening the Reporting of Observational Studies in Epidemiology Statement (STROBE) statement and was approved by the institutional review boards of the Mayo Clinic and Olmsted Medical Center, Rochester, Minnesota. At the time of enrollment, all participants provided written informed consent for the study. This analysis included those MCSA participants who had also provided prior authorization for the use of their medical information in research (Minnesota Statute 144.335) such that their anesthesia and surgical records could be reviewed.
Study Design
We examined the association between adult-life exposure to general anesthesia for surgeries and procedures. Henceforth, we use the term "anesthetic exposure" to denote exposure to general anesthesia for surgery or procedures. We accounted for exposure to anesthesia at age ≥40 years until the day of first evaluation in the MCSA study (index visit). This age was selected to complement preclinical investigations, which found that exposure of 18-month-old rats to anesthesia (thought by some authors to be equivalent to an approximate 45-year-old human) 15, 16 results in long-lasting impairment in spatial memory 17 and the development of neuropathology consistent with AD. 1, 18 For this study, 2 separate data resources are utilized. From the MCSA, we obtained data regarding cognitive status on the index visit (cognitively normal versus prevalent MCI or dementia) and from medical records we obtained episodes of exposure to anesthesia and surgery.
This investigation utilizes a 1:2 matched case-control design. Cases included all participants who were diagnosed with MCI or dementia at the index visit. The pool of potential control subjects included all participants who were evaluated and found to be cognitively normal at the index visit. For each case, 2 control subjects were randomly selected who matched the case on age (±3 years), sex, education (≤12 years, ≥13 years), and apolipoprotein (APOE) genotype status. The medical and surgical records of all participants are available through the resources of the Rochester Epidemiology Project (REP), a medical records linkage system. 19 For all participants, medical records were abstracted for each episode of general anesthesia and type of surgery or procedure between age 40 years and the date of the index study visit. This age was chosen to provide a relatively long exposure history useful to perform sensitivity (secondary) analyses (see "Statistical Analysis"). Exposures to anesthesia in Olmsted County hospitals were identified via REP procedure databases and abstracted as previously described 14 to ascertain information including the agents used for induction and maintenance of anesthesia, the type of surgery or procedure, and the duration of anesthesia. Episodes of anesthesia with regional block only as well as those who received sedation and subcutaneous injection of local anesthetic were excluded. All data were entered manually into the web-based Research Electronic Data Capture (REDCap) system (Version 3.6.7; Vanderbilt University, Nashville, TN). 20 
Summary of MCSA Study Procedures
Details of the MCSA study protocol, including design, sampling, participation, baseline measures, and sample characteristics as well as comparison between participants and nonparticipants have been previously published 21 and were also summarized in our prior analysis of incident MCI cases.
14 Briefly, a stratified random selection of subjects from the sampling frame of Olmsted County residents aged 70-91 years was conducted followed by a letter of invitation to participate and a recruitment telephone call. On signing the written informed consent, participants enrolled in the MCSA received detailed assessments of cognitive status at baseline and at 15 monthly follow-up visits. The Clinical Dementia Rating Scale (CDR) 22 was administered to a study partner (informant) to assess functioning of the subject and dementia severity when present. The CDR score and the CDR sum of boxes were assessed independently of the results of the neuropsychologic testing. In addition, the functional status of each subject was elicited from the study partner also using the Functional Activities Questionnaire. 23 If persons were judged to have no cognitive impairment according to published criteria 12, 24 and received a CDR of 0, they were enrolled as cognitively normal subjects. Subjects with a CDR >1 were classified as demented if they met Diagnostic and Statistical Manual of Mental Disorders, 4th Edition criteria for dementia. 25 Subjects who received a CDR of 0.5 had a more intense evaluation (neurologic and neuropsychologic) to determine whether they met criteria for MCI or for dementia.
The diagnosis of MCI was based on published criteria and included the following: (1) impairment in 1 of the 4 assessed cognitive domains (memory, executive function, language, and visuospatial skills); (2) cognitive concerns by the subject, informant, examining nurse, or physician; (3) essentially normal functional activities; and (4) absence of dementia (based on published criteria). [11] [12] [13] Subjects who performed within the normal cognitive range and did not meet criteria for MCI or dementia were considered as cognitively normal. For those characterized as having MCI fulfilled all 4 criteria, however, the final MCI diagnosis was based on a review of all information collected for a participant and a consensus decision by the nurse and clinician who evaluated the participant and the neuropsychologist who reviewed the cognitive testing data.
Statistical Analyses
To test the hypothesis that anesthetic exposure at age ≥40 years is associated with MCI, the primary analyses included only cases of prevalent MCI and their matched control subjects. Subsequent supplementary analyses included prevalent cases who were not cognitively normal (ie, both prevalent MCI and dementia) along with their matched control subjects.
Anesthesia exposure was quantified as any versus none, number of exposures, and cumulative duration of exposure. The number of exposures was treated both as a continuous variable and as a categorical variable using 4 categories (no exposure, 1 exposure, 2-3 exposures, and ≥4 exposures). The cumulative duration of exposure was also analyzed as both a continuous variable and as a categorical variable (no exposure, 1-120 minutes, 121-240 minutes, 241-480 minutes, and ≥481 minutes). Separate analyses were performed for each approach used to quantify anesthesia exposure. For the primary analyses, the values for these variables were those calculated for both cases and control subjects using all surgeries from age 40 up to the first MCSA visit (ie, adult-life exposure). Data were analyzed using conditional logistic regression taking into account the 1:2 matched study design. Cases and control subjects were matched on age, sex, education, and APOE genotype. The decision to use 1:2 matching was made based on resource constraints, not on a formal statistical power analysis. In addition to anesthesia exposure variable, covariates were included in all models, and specifically those are the variables found to be associated with MCI in previous publications 26 and included the following: marital status, smoking status, alcohol, midlife diabetes, midlife hypertension, midlife dyslipidemia, atrial fibrillation, Charlson Comorbidity Index, history of congestive heart failure, stroke, and coronary artery disease. In addition, because cases and control subjects were not matched exactly for age and number of years of education, these variables were also included as covariates. Additional secondary analyses were planned a priori. To explore the concept that risk produced by exposure to anesthesia and procedures increases with age, the primary analyses were repeated including only exposures to anesthesia after age 60 years (ie, not including exposures before age 60 years). In addition, analyses were performed, which included only exposures to anesthesia that occurred in the 5-, 10-, and 20-year periods before the index visit. Finally, to assess whether specific types of surgery may be associated with MCI, a series of additional analyses were performed. The types of surgery of specific interest included major vascular, cardiac with and without cardiopulmonary bypass, and orthopedic procedures, which are frequently studied in populations in association with postoperative cognitive dysfunction. 27, 28 For each of these surgery types, a binary variable was created to indicate patients who underwent 1 or more procedure of the given type. For each participant, these variables had a value of 1 if the participant underwent 1 or more of the given type of surgery and a value of 0 if the participant did not have exposure to any surgery. Using this approach, the same reference group was used for all procedure types.
In all cases, results are summarized using odds ratio estimates and corresponding 95% confidence intervals. Unadjusted, two-tailed P values are presented. To account for the fact that anesthesia exposure was quantified using 3 approaches (any versus none, number of exposures, and cumulative duration of exposure), P values <.017 were considered statistically significant. Analyses were performed using SAS statistical software (Version 9.3; SAS Institute Inc, Cary, NC).
Sample Size/Statistical Power Considerations
This investigation includes all prevalent cases of MCI identified in the MCSA during the study period (n = 387). The decision to include 2 control subjects per case (n = 774) was made based on resource constraints given that medical records of both cases and control subjects needed to be manually reviewed to identify anesthesia exposures. No formal power analysis was performed when making the decision to include 2 control subjects per case. However, based on the observed frequency of anesthesia exposure among control subjects in a recent case-control study of AD (reference here), our sample size would provide statistical power (2-tailed, α = 0.017) of 80% to detect an odds ratio of 1.6 when assessing the association between anesthesia exposure (any versus none) and prevalent MCI.
RESULTS
A total of 454 MCSA participants were not cognitively normal (387 with prevalent MCI and 67 with prevalent dementia) at their first enrollment visit and had authorized the use of their medical records for research. For our primary analyses assessing the association between exposure to anesthesia and MCI, we include the 387 prevalent MCI cases. For these cases, the mean age at the time of enrollment was 81 ± 5 years. These MCI cases were matched to 774 participants who were cognitively normal at the time of the first visit. Matching variables and risk factors for MCI found in a previous study 26 are summarized in Table 1 . Cases and control subjects were matched exactly on sex, education category, and APOE status. For all matched sets, age was matched within ±3 years and for 85.8% within ±1 year. As expected from previous reports, [29] [30] [31] [32] several major cardiovascular morbidities were more prevalent in MCI cases.
A total of 947 participants (627 [81.0%] control subjects and 320 [82.7%] MCI cases) were exposed to general anesthesia at age ≥40 years and before the index visit. The most frequent surgeries were general and orthopedic operations ( Table 2 ). Most surgeries (86% and 92% of cases and control subjects, respectively) included the use of halogenated inhalational agents with the specific agent used reflective of the era when the procedure was conducted (Figure) . Anesthesia induction was most frequently performed with sodium thiopental (67% and 69% of cases and control subjects, respectively) or propofol (29% and 28% of cases and control subjects, respectively) and the maintenance anesthetic typically included the use of nitrous oxide (79% and 82% of cases and control subjects, respectively). In the primary analyses, there was no significant association between anesthesia exposure at age ≥40 years and prevalent MCI (odds ratio, 0.97 [95% confidence interval, 0.68-1.40]) for any exposure versus no exposure after age 40 years (Table 3 ). The lack of association persisted when exposures were quantified according to number and total duration (Table 3) . Similar results were obtained from sensitivity analyses that quantified anesthesia exposure after the age of 60 years and during the 5-, 10-, and 20-year periods before the index visit (Table 4) . Furthermore, when separate analyses were performed to assess specific types of major surgeries thought to be potentially associated with an increased risk of postoperative cognitive decline and possibly MCI, no significant associations were detected (Table 5) .
Analyses were repeated using all cases who were not cognitively normal (ie, both prevalent MCI and dementia) along with their matched control subjects. In these analyses, a total of 1116 participants (742 [81.7%] control subjects and 374 [82.4%] MCI/dementia cases) were exposed to general anesthesia at age ≥40 years and before the index visit. The most frequent surgeries were general and orthopedic operations. The findings from these analyses are presented in Appendix Tables 1-5 and Supplemental Digital Content, Figure 1 (http://links.lww.com/AA/B572). In all analyses, exposure to general anesthesia for surgeries and procedures at age ≥40 years were not associated with cognitive impairment.
DISCUSSION
The main finding of our study is that exposure to general anesthesia for surgery and procedures at age ≥40 years were not associated with prevalent MCI in a cross-sectional, population-based sample of the elderly. These results are consistent with our previous report indicating that exposure to anesthesia at age ≥40 years is not associated with the development of incident MCI in individuals who were cognitively normal on enrollment in the MCSA and followed for subsequent development of MCI. 14 There is no doubt that elderly patients may develop transient postoperative cognitive dysfunction. 27, 28, [33] [34] [35] [36] [37] [38] Whether this can lead to long-term cognitive impairment remains Figure. Volatile anesthetic agents used during the study period (the use of cyclopropane and nitrous oxide not shown). This figure includes prevalent mild cognitive impairment cases and their respective control subjects. The numbers in parentheses represent the total number of surgeries and procedures performed during the given calendar period, however, only procedures with complete anesthetic agent information are depicted in the chart (>90%). Each color in a column denotes a partition of specific inhalational agent use during the respective year range. controversial. 9,10,39 Although a detailed review of this literature is beyond the scope of the present study, 5,9,40 the results from both our current (prevalent MCI) and prior (incident MCI) 14 analyses are consistent with those studies that have not found an association between anesthesia exposure and long-term cognitive impairment. Although we did not find an association between anesthesia exposure and incident MCI, in our prior analysis, we could not exclude the possibility that recent anesthetic exposure (within previous 10 or 20 years) was associated with incident MCI.
14 This finding was only observed in patients who underwent major vascular operations, which may also be a marker for patients with advanced atherosclerotic disease who are known to be at risk for vascular dementia. 30, 31 In contrast, in the present study, we did not find an association between anesthetic exposure and prevalent MCI for exposure at any age.
To control for known risk factors, we matched cases and control subjects on age, sex, APOE status, and education. Comparing cases versus control subjects, we found that some cardiovascular comorbidities were more prevalent in MCI cases. This finding is not surprising and is consistent with the notion that cardiovascular pathology is frequently associated with atherosclerosis, and in particular atherosclerotic cerebrovascular disease poses a risk factor for dementia. [29] [30] [31] This and other known risk factors were Odds ratio (OR) and P values are from conditional logistic regression. OR >1.00 indicates an increased risk for MCI. Separate models were used to assess anesthesia exposure quantified as any anesthetic, number of exposures (0, 1, 2-3, ≥4) and cumulative duration of exposure in minutes (0, 1-120, 121-240, 241-480, and ≥481). Cases and control subjects were matched on age, sex, education, and APOE genotype. In addition, covariates were included in all models for age, education, marital status, smoking status, alcohol, midlife diabetes, midlife hypertension, midlife dyslipidemia, atrial fibrillation, Charlson Comorbidity Index, history of congestive heart failure, stroke, and coronary artery disease. Abbreviations: CI, confidence interval; MCI, mild cognitive impairment. 
Limitations and Strengths of the Study
Our study also has several limitations. Like with any observational study, potential confounders related to nature of comorbidities necessitating surgery and hospitalization may themselves may be associated with cognitive decline 43 ; however, in the absence of associations, this and similar factors become less relevant. For prevalent MCI cases, the time of development of the cognitive impairment is not known so that some of the anesthesia exposures among cases may have occurred after the onset of MCI. Nonparticipation bias is also a potential limitation, because patients who died before age 70 were not considered for inclusion in the present MCSA cohort. Therefore, our findings apply only to persons who survived 70 years of age and agreed to participate in MCSA. Anesthetic agents and techniques have changed over the last several decades (Figure) so that the results may not reflect the effects of contemporary anesthetic practice (which hopefully continues to improve over time as perioperative "brain health" attracts more attention). The secondary analyses restricted to more recent exposures presumably better reflects contemporary practice, yet no associations were observed. Our study is restricted to surgeries that required general anesthesia. Current evidence suggests that there is no difference in incidence of postoperative cognitive dysfunction after regional versus general anesthesia. 44 Thus, because surgeries performed under regional anesthesia only are not included in our study, we cannot generalize our study results to reflect the association between any surgical exposure and the development of MCI. Furthermore, hospitalization without surgery, which may be associated with cognitive decline, was not accounted in any of our analyses. 45 Finally, the racial and ethnic composition of Olmsted County residents of this age group is less diverse than the overall U.S. population, so our results may not apply to populations underrepresented in Olmsted County.
Important strengths of this study include sensitive methods used by an experienced team of neurologists, nurses, and a neuropsychologists to detect early cognitive dysfunction that is consistent with a diagnosis of MCI based on a consensus decision. The REP 19 is a unique database that provides rich information regarding medical comorbidity and anesthesia history for Olmsted County residents, which for many individuals encompasses their entire lifetime. Obtaining the medical and surgical data from REP provides greater precision of retrospective data collection when compared with self-reported recollection of surgical and anesthetic exposures. 10 In conclusion, exposure to general anesthesia for surgeries and procedures at age 40 years or later was not significantly associated with prevalent MCI in a population-based cohort of elderly subjects. With all acknowledged limitations of a prevalent case-control study design, our findings are in line with a preponderance of the literature, which has failed to show a significant association between exposure to surgical anesthesia and sustained cognitive decline. E Odds ratio (OR) and P values are from conditional logistic regression. OR > 1.00 indicates an increased risk for MCI. Separate models were used to assess exposure to each surgery type. In all cases, the reference group was no anesthesia exposure to any surgery type. Abbreviations: CI, confidence interval; MCI, mild cognitive impairment. Odds ratio (OR) and P values are from conditional logistic regression. OR >1.00 indicates an increased risk for MCI/dementia. Separate models were used to assess anesthesia exposure quantified as any anesthetic, number of exposures (0, 1, 2-3, ≥4), and cumulative duration of exposure in minutes (0, 1-120, 121-240, 241-480, and ≥481). Cases and control subjects were matched on age, sex, education, and APOE genotype. In addition, covariates were included in all models for age, education, marital status, smoking status, alcohol, midlife diabetes, midlife hypertension, midlife dyslipidemia, atrial fibrillation, Charlson Comorbidity Index, history of congestive heart failure, stroke, and coronary artery disease. Abbreviations: APOE, apolipoprotein; CI, confidence interval; MCI, mild cognitive impairment.
Appendix Odds ratio (OR) and P values are from conditional logistic regression. OR >1.00 indicates an increased risk for MCI/dementia. Separate models were used to assess exposure to each surgery type. In all cases, the reference group was no anesthesia exposure to any surgery type. Abbreviations: CI, confidence interval; MCI, mild cognitive impairment.
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